Although the mineral composition of the erythrocytes has been the subject of investigation for nearly half a century, the exact concentration of many of the elements in the cell has not been firmly established, and the information that is available is widely scattered throughout the literature. In most reports the composition of the cell is expressed per unit weight, per unit volume of packed cells, or per unit of cell water; there are only a few instances in which the average amount of element per cell has been reported (1) (2) (3) .
The average sodium concentration in centrifuged erythrocytes has been reported to be from as low as 168 MAg per g (4) to as high as 443 ug per g (5) , and several textbooks (6) (7) (8) give a value of approximately 400 ug per g, which is not in accord with the results of recent investigation (9) (10) (11) (12) (13) . In a few studies (9-13) correction for sodium in trapped plasma has been taken into consideration, but in others (14) (15) (16) (17) (18) (19) (20) (21) it has been neglected. The removal of trapped plasma by washing erythrocytes has been recommended; however, the effect of this procedure on the chemical composition of the cell has not been extensively studied. In 1939 Streef (15) reported that the sodium concentration of erythrocytes declined when the cells were washed with isotonic salt or sugar solution, but recently Freeman and Spirtes (4) advocated washing erythrocytes with magnesium chloride for sodium analysis. Even though trapped plasma is not an important consideration in the determination of erythrocyte potassium, different laboratories have reported normal mean * Submitted for publication July 1, 1964; accepted November 19, 1964 .
Supported by a grant from the Medical Research Council of Canada.
values that vary by as much as 2,400 Mug per g (18, 22) . The average erythrocyte magnesium concentration is given in a recent textbook (6) as 30 ug per ml, but the majority of the values reported in the literature are approximately twice this level. There still appears to be doubt about the presence of calcium in the erythrocyte (6, 7) although important physiological functions have been ascribed to it (23) (24) (25) . The concentration of calcium has been variously reported by different workers to range from 0 to as high as 18 Mug per g of cells (15, 16, 20, 26, 27) . The purpose of this report is to describe a method employing an emission spectrophotometric technique (28) for the analysis of sodium, potassium, calcium, magnesium, copper, and zinc in erythrocytes, to present normal values in a group of 50 control subjects, and to compare the results with normal values in the literature. In addition a study has been made of the effect of sodium EDTA and washing procedures on the chemical composition of the erythrocyte, and two different methods of correcting for trapped intercellular plasma have been evaluated.
Methods

Reagents and chemicals
The preparation of ultrapure water, purified heparin, and concentrated hydrochloric acid has been reported previously (28, 29) . Spectrographically standardized pure salts 1 were used in the preparation of standard solutions, and other chemicals were certified reagent grade.2 Trapped plasma measurements were made with RISA,3 which was stored in contact with Amberlite IRA 400 enclosed in a dialysis bag (30 
Cleaning of apparatus
The procedure for cleaning glass and polyethylene ware, plastic syringes, and platinum crucibles has been described elsewhere (28) . Stainless steel needles were cleaned in dilute detergent, rinsed with ultrapure water, placed in pyrex glass tubes, and sterilized by heat at 1030 C for 12 to 18 hours. Micropipettes were cleaned with detergent, soaked in an equal mixture of concentrated nitric and sulfuric acids, rinsed with ultrapure water, and dried by drawing acetone and then ether through them. Polyethylene adapters and tubing were cleaned with a dilute solution of detergent, rinsed with ultrapure water, soaked in 20% hydrochloric acid for 24 hours, rinsed with ultrapure water, and dried before use.
Sample collection and distribution
With a 30-ml plastic syringe 4 fitted with a stainless steel needle, blood was taken from patients after an overnight fast. One-tenth mg of purified heparin was placed in the syringe before the blood was drawn. In certain studies trapped plasma was measured by adding about 10 gc of RISA to the blood before centrifugation. Three ml of blood was removed from the syringe for the determination of hemoglobin, hematocrit, red blood count, and blood smear. The red blood cells were separated from the blood plasma and other cellular constituents by centrifugation of the blood in the syringe at 2,000 X g 4J. F. Hartz, Toronto, Ontario. 5 Becton, Dickinson, Toronto, Ontario. at 40 C for 60 minutes. Before centrifugation the plunger was removed, the open end of the syringe was sealed with a plastic cover, a plastic tip 6 was secured on the nozzle with plastic tape, and the syringe was supported by a rubber cushion (Figure 1 ). After centrifugation the plasma was removed with a polyethylene pipette and the erythrocytes were expressed from the base of the syringe by reinserting the plunger and attaching polyethylene tubing 8 to the nozzle of the syringe. Samples of the cells were then dispensed as follows: 1) i g into a 5-ml volumetric flask for trapped plasma determination, 2) 1 g into each of two platinum crucibles for analysis of calcium, magnesium, copper, and zinc, 3) i g into a 5-ml volumetric flask for trapped plasma determinations, 4) 1 g into a 50-ml Erlenmeyer flask for analysis of erythrocyte water, 5) 100 mg into each of two 25-ml volumetric flasks for erythrocyte counts, 6) 1 g into each of two 40-ml pyrex glass centrifuge tubes for flame spectrophotometric analysis of sodium and potassium, 7) 10 mg into each of two aluminum boats for nitrogen analysis, and 8) i g into a 5-ml volumetric flask for trapped plasma determination.
Analysis of plasma
Plasma water. Analysis of erythrocyte calcium, magnesium, copper, and zinc. The preparation of samples and their analysis by emission spectrophotometry have been described elsewhere (28, 35) .
Analysis of erythrocyte sodium and potassium. One g df packed cells weighed into each of two 40-ml centrifuge tubes was hemolyzed by the addition of 20 ml of ultrapure water. Four ml of trichloroacetic acid was added to each sample, and the tubes were centrifuged at 1,200 g for 15 minutes. For potassium estimations the supernatant fluid was diluted 1: 5 with water. The emission intensity of the samples and of standards prepared from stock solutions of NaCl and KCl were measured in a Beckman DU spectrophotometer with a flame attachment. The reproducibility of the method estimated from the repetitive analysis of a single sample over a period of 6 months was 9.69 + 0.42 umoles per g for sodium and 80.87 ± 3.64 umoles per g for potassium. Both the sodium and potassium concentration of the packed cells was corrected for trapped intercellular plasma. Erythrocyte water. One g of packed cells weighed into an Erlenmeyer flask was dried at 1050 C for 24 hours. The water content calculated from the dried weight was corrected for water in trapped intercellular plasma. The mean and standard deviation of the technique determined from ten measurements on a pooled sample of red blood cells were 679.3 + 2.2 mg per g.
Erythrocyte hemoglobin. The hemoglobin concentration of whole blood was determined in duplicate by the cyanmethemoglobin method (36) , and the optical density was measured in a Beckman model B spectrophotometer. The mean value and standard deviation of hemoglobin levels in 25 female and 25 male control subjects were 13.7 ± 0.9 g per 100 ml and 15.1 ± 1.0 g per 100 ml, respectively. The reproducibility of the method was evaluated from duplicate estimations on 12 randomly selected samples of blood; the mean and standard deviation of the results were 11.9 + 0.4 g per 100 ml. Erythrocyte counts were measured in quadruplicate with a conventional electronic cell counter. The mean and standard deviation of results in 25 female and 25 male subjects were 4.53 ± 0.31 X 100 cells per mm3 and 4.93 ± 0.37 X 10' cells per mm3, respectively. The mean and standard deviation determined from duplicate estimations on 12 randomly selected samples of blood were 3.93 + 0.04 X 108 cells per mm3. The mean erythrocyte hemoglobin was determined by dividing the hemoglobin concentration by the erythrocyte count.
Erythrocyte volume. The hematocrit of whole blood was measured in duplicate by a microhematocrit method (37) . The mean and standard deviation in 25 female and 25 male control subjects were 40.4 + 1.5% and 44.9 ± 3.1%, respectively. The mean and standard deviation determined from duplicate estimations of 12 randomly selected samples of blood were 36.3 ± 0.5%. The mean erythrocyte volume was obtained by dividing the hematocrit by the erythrocyte count.
Erythrocytes per gram of packed cells. Approximately 0.1 g of packed cells weighed into each of two 25-ml volumetric flasks was diluted in 0.9% sodium chloride containing per L 5 ml of 36% formaldehyde. Twenty Al of this suspension was diluted in 20 ml of 0.9% sodium chloride, and red blood counts were made in duplicate with the electronic cell counter. The result was corrected for trapped plasma.
Erythrocyte nitrogen. Ten mg of packed cells was weighed into each of two aluminum boats. The nitrogen concentration was measured with a Coleman nitrogen analyzer (38) . The mean and standard deviation of the technique determined from ten duplicate determinations were 52.0 ± 1.9 ,ug X 103 per g. 
Selection of control subjects
Normal values were established for 25 men and 25 women selected from both medical personnel and patients who on enquiry were free from organic disease and who were found on investigation to have a normal blood smear and a hemoglobin, hematocrit, red blood count, and erythrocyte sedimentation rate within the normal range (6) . group in which RISA was used to correct for found between males and females, nor was any trapped plasma, and the deviation of the results relation to age noted. The frequency distribution from the mean is smaller. of each of the results about the mean value is The mean and standard deviation of erythrocyte shown in Figure 2 . It will be seen that apart from sodium, potassium, magnesium, calcium, copper, nitrogen they were distributed in a normal manner. zinc, water, hemoglobin, and nitrogen in 50 conThe concentration of total cations per liter of trol subjects are given in Table IV . In this group erythrocyte water was slightly lower than the total correction for trapped intercellular plasma was cation concentration per microliter of plasma wamade with a composite calibration curve. No dif-ter (Table V) . ference in the composition of erythrocytes was No significant correlation was found between the (Table II) . Determination of erythrocyte sodium from the difference between the sodium concentration of plasma and of whole blood is inaccurate, and normal values reported with this method are unusually high (Table  VI) . Correction for trapped plasma from a composite calibration curve is not completely satisfactory. Although the speed and duration of centrifugation of the blood are kept constant and samples Table IV for control subjects. When correction for the amount of trapped plasma in each individual blood sample was made with RISA, the range of concentration of these elements in the erythrocytes was much narrower (Table III) . This finding is in accord with the results of a recent study by Czaczkes, Ullman, Ullman, and Bar-Kochba (13). Studies made of possible analytical errors arising from the inclusion of a higher percentage of young cells in samples taken from the upper part of the packed cell mass showed that although there was a higher proportion of young cells in the upper part (2.6%), the difference between the uppermost and lowermost layers was small (1.2%o). No appreciable difference was found in the concentration of erythrocyte sodium, potassium, calcium, magnesium, copper, zinc, nitrogen, and water or in cell volume at different levels of the packed cell mass providing corrections were made for trapped intercellular plasma.
In the present study the average hemoglobin per cell and per cubic micron of cell in the control subjects is similar to published values (6, 10, 14) . The mean value for erythrocyte nitrogen is higher than the results reported by Dennes, Tupper, and Wormall (41) and McCance and Widdowson (10) , and a negative skewness is present in the histogram of the results (Figure 2 ). This is probably due to wide variations in instrument blank values that were encountered occasionally with the Coleman nitrogen analyzer in our early studies. In this respect our experience has been similar to that of Flokstra and Nodolski (38 21 3,358 93 3,512 14 3,371 21 3,729 22 3,500 35 3,401 12 3,752 20 3,627 47 3,349 30 3 Solomon (11) and Selwyn and Dacie (9) , but it is 13% higher than the results obtained by Czaczkes and co-workers (13), 6% lower than the mean value found by McCance and Widdowson, and 18% less than the value given by Choremis and associates (12) in children (Table VI) . The discrepancy in results is probably due to minor differences in the composition of standards, in excitation conditions, or in the instruments used in the analysis. The low value of erythrocyte sodium reported by Freeman and Spirtes (4) can be accounted for by their use of magnesium chloride to wash erythrocytes free from trapped intercellular plasma. The high mean values for erythrocyte sodium reported by many workers can be attributed either to a failure to correct for trapped intercellular plasma (14) (15) (16) (17) (18) (19) (20) (21) or to the inaccuracy of the indirect method of analysis in which erythrocyte sodium is calculated from the difference in measurements made on whole blood and serum (22, 27, 40) . The latter explains the impression that the average single erythrocyte contains 32 x 10-9 ug of sodium (1, 44) , which is considerably higher than the value of 22 X 10-9 Mg obtained when correction is made for trapped intercellular plasma (Table III) .
The mean and range of potassium per gram of packed cells in our control subjects are in accord with the results of most studies, but there are mean values, even in the recent literature, that are much higher and much lower (Table VII) .
Our findings lend support to the idea that calcium is a constituent of the erythrocyte. The mean value of 2.38 Mg per g or 0.594 Mmoles per g of cells is 40% lower than the levels found by Bolingbroke and Maizels (25) in a single sample of washed cells, and it is different from other values reported in the literature, many of which are erroneously high because no correction has been made for calcium in trapped plasma (15, 16, 20, 26, 27) . The large deviation of the calcium results from the mean (Table IV) is due to differences in the amount of trapped plasma in the packed cells that have not been taken into account when trapped plasma correction was made from a composite calibration curve. Small changes in trapped plasma produce relatively large changes in the results of erythrocyte calcium because there is about 50 times more calcium in plasma than in the red blood cells. When trapped plasma correction is made from individual calibration curves determined with RISA, the deviation of results from the mean is much smaller, and the mean level in normal subjects is less than the level obtained with a composite calibration curve (Table III) . The finding of a lower mean value for erythrocyte calcium when trapped plasma correction was made with RISA is due in part to greater accuracy of this method and in part to the fact that values for trapped plasma obtained with RISA are slightly higher than values obtained with Evans blue dye, the latter having been used to construct the composite calibration curve. In 18 samples of packed cells in which trapped plasma was measured simultaneously with Evans blue dye and with RISA, the mean level obtained with the former was 3.52%o compared to 3.81% for the latter.
Analysis of the difference between the two groups by the method of paired comparisons was statistically significant at p < 0.001. The reason for the slight discrepancy in the results of the two methods is not known. The ease with which calcium is removed from the erythrocyte by washing procedures and by Na4 EDTA suggests that it either readily traverses the cell membrane or it is held in loose combination in the membrane or on the cell surface.
The mean and range of results for copper and magnesium per gram of cells are similar to those obtained by other workers (3, (49) (50) (51) (52) (14, 59 ) the total cation concentration of plasma. Some of the discrepancy can be attributed to the inaccuracy of methods in which erythrocyte values are derived from analyses performed on whole blood and serum (5, 40, 44, 56, 58) and to a failure to express the plasma cation concentration on the basis of plasma water (14) . The findings in the present study support the concept that the total cation concentration per liter of erythrocyte water is less than the total cation concentration in the plasma (Table V) . The amount of water freely available as solvent in the erythrocyte has been estimated to be approximately 93%o (14, 60) , and if the cation concentration obtained in the present study is corrected accordingly, the cation concentration of the intracellular fluid is higher than the level in the plasma, a finding that is in accord with the view that intracellular fluid must contain more cations than interstitial fluid for the fluids to be in osmotic balance (61) . Accurate information is not available on the proportion of cation in the erythrocyte that is osmotically inactive, and it is not possible to assess the importance of this factor on the interpretation of the results. Summary 1) Erythrocytes from 50 normal subjects were analyzed for sodium, potassium, calcium, magnesium, copper, and zinc. Normal values for each of these elements per gram of packed cells, per cell, per cubic micron of cell, per microliter of cell water, per micromole of hemoglobin, and per micromole of cell nitrogen are given. The average erythrocyte contained 0.93 x 10-9 umoles of sodium, 9.87 x 10-9 mmoles of potassium, 0.25 x 10-9
Amoles of magnesium, 17.8 x 10-12 Amoles of zinc, 3 .72 x 10-12 umoles of calcium, and 1.59 x 10-12 umoles of copper. The total cation concentration in erythrocyte water was 156.05 mEq per L compared to 163.25 mEq per L in plasma water.
2) In control subjects no correlation was found between the plasma concentration of sodium, potassium, calcium, or magnesium and the mineral constituents of the cell. The 3) Washing erythrocytes with either isotonic magnesium chloride or choline-Tris buffer eluted both sodium and calcium from the cells. The use of Na4 EDTA as an anticoagulant removed calcium from the erythrocytes, but the levels of sodium, potassium, magnesium, copper, and zinc in the cell were not affected.
4) The comparatively high concentration of sodium and calcium in plasma makes correction for trapped intercellular plasma mandatory when analyses for these elements are made on packed cells. The range of erythrocyte sodium and both the mean value and range of erythrocyte calcium were smaller when correction for trapped plasma on each individual blood sample was made with RISA than the values obtained when a composite calibration curve prepared with Evans blue dye was used for trapped plasma correction.
